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論文題目 
Optically Transparent Nanocellulose-Reinforced Composites via  
Pickering Emulsification   
(ピッカリングエマルジョンによるナノセルロース補強透明材料) 
（論文内容の要旨） 
Cellulose nanofibers (CNFs), ~15–20-nm-wide semi-crystalline long fibers made up of 
3–5-nm-wide microfibrils of extended cellulose chains, are one of the marvelous materials 
produced in the plant cell walls. With their strength seven times stronger than steel and an 
elastic modulus of 100–130 GPa (of the crystalline part called cellulose nanocrystals, CNCs; 
70–90% of the CNF), CNFs not only support the huge body of a tree, but also offer an 
incredible potential as the reinforcement material for man-made nanocomposites. Also, CNFs 
have a very high thermal-dimensional stability (coefficient of thermal expansion, CTE: 0.1 
ppm K-1), and therefore, are expected to reduce the otherwise high thermal expansion of the 
polymers. However, the processing of CNF-reinforced nanocomposites suffers from the 
difficulty of dispersing native hydrophilic CNFs in a hydrophobic resin matrix (most resins are 
hydrophobic). Therefore, many surface modification techniques have been employed to 
produce hydrophobic CNFs, which made the composite fabrication process long.  
Aimed to address the above issues, in this study a very simple water-based method was 
devised by exploiting the idea of emulsification of oil and water. The dual role of the 
nanocelluloses as the Pickering-stabilizer of the resin-in-water emulsion and the resin 
reinforcing nano-component was utilized. 
In Chapter 2, the detailed development of the facile Pickering emulsification method to 
obtain novel transparent materials reinforced with native CNFs was presented. In this method, 
an acrylic resin-in-water Pickering emulsion (PE) stabilized solely by CNFs was successfully 
prepared by vigorously agitating in a blender. Because of the strong encapsulation of the liquid 
resin micro-droplets by the CNFs network, the emulsion could be easily dehydrated by 
vacuum-filtration and subsequently hot-pressed with a negligible loss of resin followed by UV-
polymerization to obtain CNF-reinforced transparent materials. The optical transparency of the 
nanocomposites was as high as 89% at 16 wt% CNFs content, which indicated that a good 
dispersion of the network of hydrophilic CNFs in a hydrophobic resin can be achieved via PE 
method without any chemical intervention. Interestingly, the nanocomposites had a unique 
self-assembled two-tier hierarchical architecture resulted from the aggregation of the CNF-
encapsulated resin micro-droplets during dehydration of the emulsion. Because of the 
hierarchical structure of the nanocomposites, they possessed a rare but desirable combination 
of high strength, toughness, and mechanical flexibility compared to their counterparts having a 
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similar CNFs content prepared via impregnation (IM) method which has been developed to 
produce nanocomposite by impregnating hydrophobic resin into a nanopaper of the native 
(non-modified) CNFs.  
Meanwhile, because of the inclusion of liquid resin micro-droplets in the CNF-network, 
which also reduced the H-bonding among the nanofibrils, the nanocomposites could easily be 
molded into 3D-shaped transparent materials during the hot-pressing. Such a 3D molded 
transparent material could not be achieved via IM method. The surface of the nanocomposites 
could even be nano- or micro-molded easily by simple hot-pressing.  
The effect of CNFs concentration in the PEs on their stability, morphology of the resin 
micro-droplets, and the properties of the resulting nanocomposites was reported in Chapter 3. 
As the CNF-concentration in the emulsion increased, a denser network was formed around the 
resin micro-droplets, resulting in higher stability of the emulsions. However, the droplet size 
and polydispersity were increased with increasing viscosity, i.e., with increasing CNFs 
concentration. Interestingly, the nanocomposites maintained a high mechanical flexibility (the 
fracture strain of about twice as high as the neat resin), even with a CNFs content as high as 25 
wt%. This was attributed to the distinct hierarchical structure of the nanocomposites that 
provided a synergistic load-bearing, stress-dissipating, crack-deflecting, and crack-delaying 
mechanism. The PE nanocomposites also possessed a high thermal-dimensional stability (CTE 
similar to that of glass, 7–8 ppm K-1, at 18–25 wt% CNFs reinforcement) compared to the IM 
nanocomposites owing to their distinctive brick-and-mortar microstructure having a horizontal 
in-plane orientation of the CNF-network and the platelet-like resin micro-droplets. 
In Chapter 4, using nanocelluloses (i.e., CNFs and CNCs) of different lengths (300–4000 
nm) and crystallinities (70–80%), a tunable high mechanical and thermal properties of the PE 
nanocomposites with a high flexibility (elongation-at-break: ~15%) were obtained even at a 
similar nanocelluloses content of ~10 wt%. This was due to the difference in the hierarchical 
microstructure resulted from different network structure of the nanocelluloses with different 
length and crystallinity around the resin micro-droplets/platelets. The short nanocelluloses with 
high crystallinity produced stiffer and highly thermally stable nanocomposites; a CTE (3.4 
ppm K-1) as low as that of silicon crystals was obtained only at a 10 wt% CN-content. The 
nanocomposites were also highly thermomechanically stable even up to 150 °C, compared to 
the commercial thermally-stable PET film. Furthermore, the optical transparency (~90%) of 
the nanocomposites was highly stable even at 180 °C for 2 h. The high thermal stability of the 
micro-lenses on the micro-molded nanocomposite was also demonstrated. 
Finally, to demonstrate the great potential of the transparent PE nanocomposites, which 
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were prepared using short CNCs having an excellent thermal stability, as the substrate for 
optoelectronic devices, a high-thermal-performing flexible AgNW electrode and a smart 
optical device were fabricated in Chapter 5. It was successfully demonstrated that the resulting 
AgNW electrodes and smart optical device can survive repeated heating and cooling 
conditions at extreme temperatures (–196 °C–150 °C) compared to those prepared on non-
reinforced acrylic resin films. This was because of the high thermal-dimensional-stability of 
the PE nanocomposite substrates owing to which the thermomechanical stresses induced by the 
extreme temperature change were incredibly low, and hence, the electrically conducting 
AgNW-network on the nanocomposite remained unbroken.  
In Chapter 6, the whole doctoral research work was summarized. A simple Pickering 
emulsification method to prepare nanocomposites of immiscible nanocelluloses and resins was 
devised. The potential of this new method in order to fabricate structurally hierarchical, highly 
transparent, strong, tough, super thermally-stable, and macro/micro/nano-moldable 
nanocomposites of hydrophilic ‘native’ nanocelluloses and hydrophobic resins for application 
in the next-generation optical devices was explored. The successful fabrication of 3D-molded 
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